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• rotation of the uniaxial
anisotropy. This provides valuable flexibility in designing new device geometries.
INTRODUCTION
NiMnSb is a half-metallic ferromagnetic material offering 100% spin polarization in its bulk 1 , and was therefore long considered a very promising material for spintronic applications such as spin injection. Experience has shown however that preserving sufficiently high translation symmetry to maintain this perfect polarization at surfaces and interface is a major practical challenge, reducing its atractiveness for spin injection. The material nevertheless continues to be very promising for use in other spintronic applications; in particular in spin torque devices such as spin-transfer-torque (STT) controlled spin valves and spin torque oscillators (STO). This promise is based on its very low Gilbert damping, of order 10 −3 or lower 2 which should enhance device efficiency, as well as on its rich and strong magnetic anisotropy which allows for great flexibility in device engineering.
For example, it has been shown that STO oscillators formed from two layers of orthogonal anisotropy can yield significantly higher signal than those with co-linear magnetic easy axis 3-6 . Being able to tune the magnetic anisotropy of individual layers is clearly useful for the production of such devices.
Previous results have shown a dependence of the anisotropy of NiMnSb on film thickness 7 , which offers some control possibilities when device geometries allow for appropriate layer thicknesses, but that is not always possible due to other design or lithography limitations.
Here we show how the anisotropy of layers of a given range of thickness can effectively be tuned by slight changes in layer composition, achieved by adjusting the Mn flux.
EXPERIMENTAL
The NiMnSb layers are grown epitaxial by molecular beam epitaxy (MBE) on top of a 200 nm thick (In,Ga)As buffer on InP (001) substrates. All samples have a protective non-magnetic metal cap (Ru or Cu) deposited by magnetron sputtering before the sample is taken out of the UHV environment, in order to avoid oxidation and/or relaxation of the NiMnSb 8 . The flux ratio Mn/Ni, and thus the composition, is varied between samples by adjusting the Mn cell temperature while the flux ratio Ni/Sb is kept constant. The thickness of most of the studied NiMnSb layers is 38±2 nm. Two samples have a slightly larger film thickness (45 nm, marked with ( ) in Fig. 3a) , caused by the change in growth rate due and that with the highest Mn content (sample C) has a vertical lattice constant of 6.092Å.
To get an estimate of the vertical lattice constant of stoichiometric NiMnSb in our layer stacks, we used an XRD measurement of a stoichiometric, relaxed sample The FMR data can be simulated with a simple phenomenological magnetostatic model to extract the anisotropy components (derivation taken from Ref. 12). The free energy equation
for thin films of cubic materials is given by:
where α x , α y and α z describe the magnetization with respect to the crystal directions [100],
[010] and [001]. K 1 is the four-fold in-plane anisotropy constant, K u and K ⊥ 1 represent the perpendicular uniaxial anisotropy (second and fourth order respectively). In our inplane FMR geometry, the fourth order perpendicular anisotropy term K ⊥ 1 can be neglected. Instead, an additional uniaxial in-plane anisotropy term is added:
with the unit vectorn along the uniaxial anisotropy and the saturation magnetization M s ,
M . The Zeeman term coupling to the external field H 0 and a demagnetization term originating from the thinness of the sample, are defined as
and added as well to the free energy. The effective magnetic field
with
is used to solve the Landau-Lifshitz-Gilbert-Equation (LLG):
with the gyromagnetic ratio γ = gµ B and the Gilbert damping constant G. The resonance condition can be found by calculating the susceptibility
In the following, we neglect the damping contribution since G γMs in our samples is of the order of 10 −3 or lower. Thus, B ef f and H * ef f in our case can be found to be:
Here, φ M , φ H and φ U define the angles of the magnetization, external magnetic field and inplane easy axis of the uniaxial anisotropy, respectively, with respect to the crystal direction
[100]. φ F accounts for the angle of the four-fold anisotropy. At the magnetic fields used in these studies, it is safe to assume
can be defined as an effective magnetization 4πM ef f , containing the out-of-plane anisotropy. It is used as a constant in our simulation.
For each sample, we extract , the four-fold and uniaxial in-plane anisotropy field, from the simulation and plot them versus the vertical lattice constant (Fig. 3a) . The vertical, dotted lines mark the range where stoichiometric NiMnSb is expected. For vertical lattice constants in the range from 5.96 to 6.00Å, both anisotropy fields are relatively small.
The four-fold contribution increases for samples with decreasing vertical lattice constant The fitting accuracy of the extracted anisotropy fields is ∼5%, giving error bars smaller than the symbols in Fig. 3a . It should be noted that in order to exactly extract the anisotropy constants K 1 and K U from the anisotropy fields, the saturation magnetization M s of each sample is needed. This can be determined by SQUID measurements. We have performed such measurements on a representative fraction of the samples (Fig. 3b) . Samples with medium Mn concentration show saturation magnetizations which, to experimental accuracy of about 8% are consistent with the theoretically expected 4.0 µ Bohr per unit formula for stoichiometric NiMnSb 15 . The estimated measurement accuracy of 8% accounts for uncertainty in the sample thickness extracted from the HRXRD data of about 5%, as well as errors in determining the exact sample area, SQUID calibration and SQUID response due to finite sample size. Our samples with highest and lowest magnetization show a slight decrease in saturation magnetization, of order 12%. This change is sufficiently small to be neglected in the overall assesment of the anisotropy vs. vertical lattice constant of Fig. 3a .
In an attempt to understand the effect of higher or lower Mn concentration on the crystal structure in our samples, we consider the possible non-stoichiometric defects which can exist as-requested can be grown. The microscopic origin of this behavior remains to be understood, and it is hoped that this paper will stimulate further efforts in this direction. The phenomenology itself is nevertheless of practical significance in that it provides interesting design opportunities for devices such as spin-valves that could be made of two NiMnSb layers with mutually parallel or orthogonal magnetic easy axes as desired.
